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ABSTRACT 

Pnciftaxcl U a naturidly occiiri-f»e antimitotic HKent 
that has bean shnvvn tn titablllEe microtabales* Induce mitotic 
arrest, and nltlmatdy Induce apoptotic cell death. The fa- 
vorable clinical HCtivhy of paclltaxel has prompted consid- 
erable Interest In combhiinK paclltaxel with numerous other 
antineoplatttic agents. Our previous studies hav« suggested 
5-f1uorouracll (5-FU), an antineoplastic agent that usually 
arrests tumor cells at the G,-S phase of the cell cycle, in 
combination with pacHtaxcl significantly represses pacll- 
taxel-lnduced mitotic arrest and ap4H)to«l». In the present 
study, we have extended this Investigation tjo Include several 
other antimitotic agents (vinblastine, colclilcine, and no- 
codazole) In various combination schedules with the G|-$ 
arresting agents S-W and hydroxyurea (HU). We found 
5-FD, as well as HU, could significantly Interfere with the 
overall cytotoxicity as compared with treatment with anti- 
mitotic agents alone. It appeared that 5*FU or III) severely 
limited the antimitotic agents' cytotoxic effects on both mi- 
totic arrest and apo])tnsls. No combination of a G,-S arrest- 
ing agent with an antimitotic agent In any schedule pro- 
duced an antitumor effect greater than that of the 
antimitotic agent alone. In addition, biochemical examina- 
tion revealed that 5-tU and HU blocked the antimitotic 
agent-Induced increase of p2l^*'''"'-"* protein levels, as 
well as prevented the hyperphosphorylatlon of the bcl-2 and 
c-raf-I proteins. These findings suggest that carcftii consid- 
erations may be nece^^^sary when combining antineoplastic 
agents that exert their cytotoxic action at different phases of 
the cell cycle. 

INTRODUCTION 

Clinical protocols frequently combine chemothempmuic 
n^cnis that exhibit their cytoloxic action ni iliffcmn phases of 
the cell cycle (1 4). An optimal cojnbination chcmothenipy 
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piolocol results in incrcHi»cd therapeutic ciTicacy, ciccrwised host 
toxicity, and minimal or delayed drug rcsisiHnce (1, 5, 6). 
However, when antineoplastic agents with similar or dirtcront 
modes of aciion are combined, the ouiconw may be synergistic, 
addilivu, or antagonistic. Synergism implies thai two drugs may 
prtxlucc grwitcr therapeutic elllcacy than an expected additive 
ctTect, whcrcas antagonism implies that ihe actual iherui'KjiJiic 
activity prodirced by two drugs may be «rnaNer ihnn tficir 
expected additive elTccI (6, 1). 

Chemotherapeutic regimes frequently use the novel anti- 
mitotic agent paclitaxcl. Paclitaxel possesses a unique mecha- 
nism of aciion in that it can bind to microtubiilin, siabili/e the 
tubulin polymer, and aid in further polymeri/^alioii by .shifting 
the dynmnic equilibrium toward niicroiubule asiienibly (8-12). 
The microtubules bound by puctitaxcl are itiuisunlly stable and 
thereby abrogate the dynamic reorganization proce3.s of the 
microtiibuie network required to form a functional spindle ap- 
paratus for the completion of mitosiK and ceil prolircratioii» 
uUimately leading to programmed cell dcalh (R, *X II 17). 
PncliiQxel has proven especially iniporiattt clinically because of 
its activity in the treatment of metastatic breast carcinnnia and 
drug refractory ovarian carcinoma ( 1 8 -20). The promising clin- 
ical activity of paclttaKcl has prompted interest in combining 
this agent with several other very effective antineoplastic agents. 
One such agent with which paclitaxcl is presently being coni< 
bincd in ctimcal trials is the ontimetabi^lite S-FU. * Specifically, 
the trials ure combining these two agents in various schedules 
for the treatment of metastatic breasi carcinoma, head and neck 
carcinoma, and gasiroinie^Kinal tract carcinomas (21-25). Re- 
cently, our laboratory reported that the pretrealment or simulta- 
neous addition of 5-Fll (3) with paclitaxcl in .solid lunwr cell 
lines significantly repi\issc<l the overall cytotoxicity as com- 
pared with pachtaxei treatment alone (26). It appeared .5-f'U 
interfered with the cell killing tictivity of paclitaxel by prcvenl- 
Ing the lunwr cells Irom entering the G2'M pluise of the cell 
cycle. This finding raises concern us lo the effectiveness of 
combining antimitotic agents wiU) Ci|-S arresting agents. 

To determine whether tliis phenomenon applies lo the 
combination of 5-PU with other antimitotic agents, we extended 
our investigation to include vinblastine, colchicine, and nocoda- 
zole. In Addition, wc combined all four of these antimitotic 
agents in various regimes with HU, another potent 0|-S phase 
itrresting agent that inhibits ribonucleotide reductase, resulting 
in depletion of dUMP necessary for DNA synthesis. Our results 
indicate that the combination of 5-l'U or HU with any one of 
these antimitotic agents produces lens antitumor activity than 
thai seen with llw treatment of an antimitotic ngent nlone. These 
findings suggest that S-W and HU may inii^rrnrc with the 



^ The abbreviations used are: 5-i*U, S-Huorouraeil; HU. hydraxyurea: 
MTT, 3-(4,5-dimetlWthiazol-2-yl)-2.5-dtphcnyIlotrfl7.<»liom bmmide. 



3309 • RCVD AT 5/7/2004 4:54:30 PM [Eastern Daylight TimeJ * SVR:USPTO-EPXRF-1/0 * DNiS:872g308 * CSID: • DURATION (mm-ss):17-0B 



FILE No. 628 05/07 '04 16:09 ID:CC 



FAX: 86028601 15 



PAGE 



2560 AmtitsonisUc Intcrpiuy of Antimitotic an J Cj,-S Arresting Agents 



cytotoxiciLy of the antiiniloiic ugcnts simply by pix;veniing the 
majority of cells fttim entering Ihc (jj-M phase of the cell cycle, 

MATERIALS AND METHODS 

Drugs and Cell Culture. 5-FU, HU. pacliUixel, nocotia- 
zole, vinblastine, and ctilchicinc wene purchased from Sigmu 
Chemical Co. (St. Louis, MO) and dissolved in 100% DMSO to 
make stock concentrations of 10 mw, 2 M, 1 mM, I mg/ml, und 
I mM, reapectivcly. Drugs were then diluted in culture media to 
obtain the desired concentrations. In all experiments, the various 
drugs were used at the following concentrations: 1 0 m.m 5-FU, 2 
mM HU, lot) nM pacUlajicI, 0.2 jxg/ml nocodnzole. 100 om 
vinblastine, and 100 nM colchicine. The human brcHst cancer 
Bcap37 (27) and the human epidermoid carcinoma KB cell line* 
(Americuji Type Cidlure Collection* R«x;kville. were prop- 
agated in KPMT 164,0 supplemented with (0% feial boyinu 
scrum (Sigma) and 1% penicillin/sirepiomycin. As described 
earlier (27, 2S\ the drugs were adcled when cells reached 
— 60 70"^ confluciicy. 

Detection of Internucleosonwl DNA Frngmentiition. 
After incubation with Hk various dmg regimes, approximately 
I X 10** cells were harvested and suspendetl in lysis buffer 
containing 20 mw Tris. 5 mM EDTA, 0.5% Triton X-lOO, and 
0.5 mg/ml proteinase K for I h on ice. The remaining steps for 
DNA fragmentation were performed as described previously 
(29), ON A samples were then analyzed by elcciroiJhorcsis on a 
1,2% agarasc slab gel containing 0.2 |Lg/ml ethidium bromide. 

KIow Cytometric Analysis. Cell sample preparation and 
propidium iodide staining were performetl according to the 
methods described by Nicoletti e/ ai (30). Al approximately 
AO 70*/. confluency, cells were treated with the various drug 
regimes for 24 and 48 h. Cells wene collected and processed as 
described previously (26). Cell cycle distribution was deter- 
mined using a c:oulter Epics V instrument (CouUer Corp.), with 
an argon laser set to excite at 488 nm. 

Cytospin Preparation. Cells were cultured to 
-60 70% connuency, at which time they were ireared with the 
various drug regimes for 24 and 48 h. Cells were harvested by 
uypsinization and washed twice with PBS. Cell numbers were 
delermined using a hemacytometer, and —50,000-100,000 cells 
from each gmup were used for cyUispin preparations. Slide* 
were air dried ami fitted in 100% acetone for 5 min prior to 
Gicnisa- Wright staining and then were examined using brighl- 
lield microscopy (29). 

MTT Assay. Bciip37 and KB celk were harvested with 
trypsin and resuspcndcd U) a final concentration of 4 X 10 
cclls/ml in fresh mediam confining 10% TBS and 1% pcnicil- 
lin/strepiomycin. Alic|iu»ts of 100 p.! from cell suspension were 
evenly disuibutcd into 96-well tissue culture plates with lids 
(Falcon. Oxnard, C'A). Designated columns were treated For 24, 
48. and 72 h. One column from each plate contained medium 
nlonc, ojid another culinnn cont»ined ceH« in dnig-frcc nicdiiini. 
Cell viability was assessed in accordimce to the protocol de- 
scribed by Carmichael el al (31). The absorbancics of individ- 
ual wells were determined at 360 nm by a microplatc reader 
(Molecular Dcviccs,CA). 

Western Blots. Cells were treated with the various drug 
regimes for 4« h and promptly harvested by trypsin ization. 



Protein extraction and inununoblol procedures were performed 
as described pjxjvioiusly (32). Briefly, ihe membranes were 
blocked with Bl.OTTO for 2 h at room tcmpcraUire and subse- 
quently prolicd with 0.5 *xg/ml of p53 murine monoclonal 
antibody (DO-1; Santa Cnjz Biotechnology), 0.5 p.g/ml of p2l 
murine monoclonal aniihody (WAF-I AB-l; Calbiochem), l.O 
p,g/ml of bcl-2 murine moiK>clonal antibody (clone # 100; Sitnta 
Cruz), or with 0.5 ^.g/ml ofc-raf- 1 murine monoclonal antibody 
(Transduction T.aboratories), diluted in 3% BSA-PDST (3% 
BSA-PBS'0,05% Tween 20). Alter three 15-min incubations 
with BLOTTO, 0.1 ^g/ml of affmiiy-purified goat anli-mouse 
IgO conjugated to horserndisli peroxidase (Jackson Immu no- 
Research) was incubated with die membranes. Imnumorcactive 
hands were tlwn visualized using a chemi luminescence siibstraie 
for horseradish peroxidase (Amersliam) and exposure to Kodak 
X-OMAT AR film. 



RESULTS 

and H U Interfere with the Capacity of Antimitotic 
Agents to Induce Apoptotic Cell Death. The hallmark fea- 
ture indicative of the late stages of progi-ammed cell death is the 
intennicleosomal fj-agmcntation of genomic DNA. which gen- 
erates a charHcteristic ladder patujrn of -200-bp intervals when 
analyzed using agarose gel electrophoresis. Therefore, to inves- 
tigate ihc inOuencc of 5-Fll and HU on the capacity of the 
antimiUHic agents to induce apopUHic cell death, we simutla- 
neously applied 5-FU or HU with antimitotic agents and com- 
pared this to the Lreaiment of the singular agents in the Bcap37 
and KB cell lines. Kig. I demonstrates the abiliiy of the anti- 
mitotic agents pacliraxel, nocodazolc, vinblastine, und colchi- 
cine to induce DNA fragmentation in ilie Bcap37 cell line alter 
72 h of treatment, indicated by the characteristic ladder paitcrn.s. 
Treatment with ciihcr 5-FU or MU alone for 72 h was unable to 
induce DNA fragmentation (Fig. I, Lanes 5. 7, 9. and //). 
However, the simultaneous ireatmenl of 5-FU or HU in combi- 
nalLon with paclitaxcl, nocodazole, vinblastine, or colchicine for 
72 h dramatically reduced DNA fragmentation (Fig. I, Lmws 5. 
7. 9. and J 1. respcclively). Similar results were seen with the 
KB cell line (data not shown). 

5-FU and HU Hinder the Ability of Antimitotic Af^cnts 
to Induce Gj-M Arrest. Morphological examination of 
Beap37 and KB cell line cultures treated with paclitaxcl. no- 
codazolc, vinblastine, and colchicine revealed a sigiiiticant 
number of apparent mitotic figures as quickly as 12 h and 
persisting throughout the 72-h obsei-vation. However, ite simul- 
taneous addition of 5-FU in combination with the various anti- 
mitotic agents significantly decreased the number of apparently 
mitotically arrested cells (data not shown). Thus, to determine 
whether 5-FU did significantly interfere with the capacity of the 
antimitotic agents to arrest cells mitotically, we prepaid cylo- 
spin slides of both cell lines tretued with the antimitotic agents 
alone or in simultaneiMLS combination with 5-FU. We counted 
those cells tliat appeai'cd to conuiin etmdenscd chromosomes, 
i.e., mitotic figures, and summarized these results in Table I. 
Coincidentally, we found that 5-FU dramatically inhibitetl the 
ability of all four antimitotic agents to induce mitotic jurresl. as 
.seen in the phase contrast morphological observation. To clarify 
the exact cell cycle distribution of the Bcap37 cells treatetl with 
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i'ig. J LifTecus of the ability of 
ihc nntimilotic or G|-S am'sttng 
ttgenu tu induce intemucleoBO- 
mal UNA fraginenttitiun in 
Bc;bp37 cells. Bcap37 cclla were 
culliirccl in 100 nun tisKue cul- 
tui-c diMhcs lo —60 70% conflu- 
cney. (^clls were ihen utylcd 
with cither 10 ^tM 5-l-U [A) or 2 
mM HIJ {») and were Uien 
irtflted with 100 hm Taxol {TX), 
0.2 fig/inl hocodrt^x)le {NOO, 
l(K) nM vinbliLstine {VINB), or 
100 iiM colchicine (COI.Cfp, 
nioae or siirultaucously with 
(A) or HU 0^) Tola) DNA 
was collecleU allcr 72 h (Exposure 
U» Uie varin«5 Orug rcgiiiies and 
eleclTophoi-c:<wi cmi a 1 .2% aftar- 
osi^ slab pel i:Anlaininii 0.2% 
cthidiuin bnmiide. 




TaMe t lUVecl ofS-RJ and antimito tic agents on mitoiic airosr 
% of celb at GjM phase'' 
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" This table is based on three separate exjierinnems and preseni«d as 
rtwan ± SB. 

'•Cyloapin alidcs wene Atuined with CiiemsQ. Cells (3«0> were 
counted from each slide, and only ihiwe cells with typical morphologiwil 
futtiures of condensed chronMSOzncs were counted as mitAUically ar- 
rested eel Is. 



the various drug regimes, we performed flow cylomeltic tuiHl- 
ysis. Fig. 2 clearly illustrates the capacity of ull four anUmilotic 
agents lo aritjsl the majorily of cells in the G^-M phase of the 
cell cycle. However, pretreatment with 5-FU for 6 h, followed 
by the addition of antimitotic agents, or even simulUineous 
addition of 5-FU in combination wilh the antimiioiic agenw, 
dranialically reduced ihc number of cells in the G^-M phase of 
the cell cycle. Interestingly, the pTclrealnrjenl with the antimt- 
tolic agents for 6 h, followed by the addition of 5-rU, partially 
blockwl the number of cells in the G^-M phase of the cell cycle. 
Similar results were found when HU was substituted for 5-FU in 
each protocol (data not shown). 

The Cytostatic Effect of 5-FU and HU Interferes with 
the Cytotoxicity of Paclitaxel in a Scheduic-dcpendcnt Man- 
ner. Previous studies in our laboratory demonstrated that the 
TC50 for 5-rU in the Bcap37 and the KB cell lines was 10 |xm. 
We tcsietl 10 ilm 5-HJ in combination with lC.,oS of a variety of 
antimitotic agents, such as paclilaxel. nocodazole, vinblaKtinc* 



and colchicine, in various scheilules of administration. Bach 
unlimitotic ngcnt was incubated simultaneously with 5-rU. and 
in separate experiments, 5-FU was added 6 h bcfoi-c or after 
each antimitotic agent. Bach anlimilolic agent, as well as S-FU. 
was applied aloiie. The drug regimes were carried out for 24, 4K, 
and 72 h. Ai the end of each time course ireatnteni. the MTT 
assay was performed as de.scribed in "Materials and Method.**" 
to measure cell viability. Wc found that the prcirealment or 
simultaneous exposure of the lumor cells with 5-l-U could 
significantly interfere with the cytotoxic effects of all four 
antimitotic agents (Fig. 3). However, prcrrealrnenl of the tumor 
cells with antimitotic agents coidd clearly attenuate the inhibi- 
tory effect of 5-FU. It sliould be noted that no combiikilion of 
5-FU with an antimitotic agent produced a cell killing efficiency 
as great as the treatment with the antimitotic agent alone. Sim- 
ilar MTT .stuiiies were performed in which HU was con^bined 
with all four antimitotic agents in the previously described drug 
regimes, and data were concurrent wilh those discussed above 
(data not shown). Clonogcnic survival assays were performed in 
conjunction wilh the MTT assays, ai\d these results also corre- 
late with llw above data (daUi not shown). 

5-Ftl and HU Prevent Antlraltotlc Agent-Induced Hy- 
perphosphorylatlon of bcl-2 mid c-raf-l, in Addltlan to 
Blocking the lncreii«e in p2l^'^'^''<^ Protein tevcU. 
Schandl et ai. (33) recently dcmonatraicd the abilily of the 
antimitotic agents paclitaxet, nocodazole, vinblastine, and col- 
chicine to induce the hyperphtwphorylation of bcl-2. It has been 
proposed thai the hyperplwsphorylation of bc1-2 inaclivat&s ihis 
protein and coincides with apoptotic cell death (34, 35). There- 
fore, we invcatigrtied the effect of 5-FU or HU on the ability of 
antimitotic agents to induce hypcrphosphorylation of bcl-2 in 
the B«ip37 and KB cull lines. Fig. 4 (iMnex J. 5. 7. and Sf) 
clearly demonstrates the capacity of all four antimitotic ngcnus 
to induce bcl-2 hyperphosphorylation. However, ihe simultane- 
ous addition of 5-FU or HU with the various antimitotic agents 
attenuated their ability to hypcrphosphorylalc bcl-2 (Fig. 4, 
Utnes 4, 6. S. and /O). 

Blagoslclonny er al (36, 37) recently published a study 
implicating ihe active phosphorylatcd form uf c-raf-l, repre- 
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Fig. 2 \'\tivf cytomclric analysis depictiiig the distribulion of cells in various phb8c« oflhe cell cycle. BcDp37 cells were tr<jatcd fni-4« h wilh 10 >a.m 
5-1' U. 100 nM pflclimxcU or 100 nw vinbUwline {VJNB\ ulone or in the combinations indicated. Where uppiicablc, pretrcatmwts were performed for 
6 h. Samples were flimly/ed by n»)w cytoiiietiic analysis os described in "'Mutcrials and Methods," The distribution ot* cells in Gy-Gi, S, and G,-M 
pha»C)( of the cell cycle and apopttitic cells (Ap) are indicated above each curreaponding peak. TX, Taxol; NOC, nocodtuolc; COLCH. colchicine. 



senicil by dccreaswl electroplioreiic mobiliiy i)n SDS-PAOE, 
A)Jb)wing paclitaxe) treaimtjni. vo be associated witli the hyper- 
phosphorylaiion of bcl-2 and subscqucnl induction of apoplottc 
cell dealli. Our studies corrclalc wilh these rnidings in lhat 
paclitaxel (in addition to nocodazole, vinblastine, and colchi- 
cine) induced u slight decrease in clecirophorettc nK>bility of 
c-i-af-l [previously demonstrated by BlagoskJonny et al. (39) to 
be on active phosphorylaled form of e-raf-lj in cohorts with 
bcl-2 hyperphosphorylaiion (Fig. 4» I^na.s 3, 5, 7, and As 
was seen with bcl-2^ simultaneous addition of 5-FLI or MU with 
ihc antiiYtiloiic ngenus blocked the hyperphosphoryiation of c- 
raf-l (Fig. 4, Lanes 4, 6, 8, and }0). 

In addiUon, scvcnti experiments have indicated that the 
nnlimitolie agents paclitaxcl, vinblastine, and nocodazolc could 
induce I he expressi<m of the cycliii-dcpeiidcnt kin»*it; inhibitor 
p2|WAn/t.i»»i (38. 39). We sought lo investigate the possible 
changes in p2 1^^'' protein JevcKs in the Bcap37 and KB 
cell lines, following die treatments with the various drug re- 
gimes. Fig. 4 {Umt's J, 5. 7, and cletuiy demonstrates the 
increase in protein levels of p2l^'^*'"^ after treatment wilh 
all four antimitotic agents. Simultaneous treatiTienl with either 
5-FU or Fin in eombination with any one of the Hntimitt^tic 
agents appeared to abrogate this increase in p2iW'^''*'^"'' pro- 
tein levels. 

DISCUSSION 

In this study, we examined the effects of combining che- 
motherapciitic agents that exhibit tlwir cytotoxic action at dif- 
ferent phases of the cell cycle. Tn particular, we looked into die 
combination of an antimitotic ug^i (paclitaxeL nocodazolc. 



vinblastine, or colchicine) with an antimetabolite (S-FU or HU) 
to ttelerminc possible increa^ses in overall cytotoxic cfTeots. as 
compared with single-agent treatmeni alone. These combina- 
tions are particvdarly interesting in that paciit<ixcl is presently 
being combined wilh S-FU arvd HU in cUnicaJ trials (21- 23). 

Antimitotic agents largely target the microtubule neiworW 
in individual cell.**. These agents disrupt the dynamic reorgani- 
zation of this network, resulting in iiberranl miuitic aster forma- 
tion. Thus, affected cells are unable to imnsversc successfully 
from meiuphase to anaphase. Ultimately, the prolonged mitotic 
arrest in most of these cells leads to programined cell deaths or 
apoptosis. For example, paclitaxel has proven to be especially 
ert'ective in its ceH killing proficiency, apparently through this 
disniption of the microtubule network (8, 40). Morphological 
examination reveiiled that the majority of solid tumor cells 
treated with clinically relevtmt concenlnitions of paclitaxel sus- 
tained prolonged mitotic arrest, fi^llowei) by eventual induction 
of apoptosis (27, 29, 41 42). In fact, recent evidence from our 
laboratory indicated that a sustained rniunic arresi is required for 
paclitaxel -induced apoptosis. Wlicn cells were arrested in the 
G|.S phase Ihnnigh ireatmem wilh 5-FU followed by paclilaxeU 
wc noted a marked decrease in programmed cell ileath as 
compared with cells treated with paelilaxel alone. Subsequently, 
wc found no apparent beneficial cytoio;«ic effect.^; through any in 
vitro schedule combination of 5-FU and paclitaxel (26). The 
present study dcntionstrateji lhat the combination of 5-FU with 
other antimiiolic agents, such as vinblastine, colchicine, and 
nocodazole, once again produces no heiienciul cytotoxic cITcci. 
Similar experiments were performed on the BeHp37 tuid KB cell 
lines, in which all four antimitotic agents were combined in a 



3W3g " RCVD AT 5/7/2004 4:54:30 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1/0 " DNIS;872d30e " CSID: * DUIMT»N (mm^): 17-06 



FILE No.628 05/07 '04 16:11 ID:CC 



FAX:8602860115 



PAGE 37 



Clinical Caiicer Research 25<i3 



BCap 37 C«lls 




KB Cttllf 




□ IDuM 9f 
BIOCH^M Tx 

gPBh r 



K B G ells 




VIN 



KB C»lls 



B 



pConlrctt 
QlOuM a-FU 
plOdhW 1 X 

Q f >r ♦ a -ru 
a^Txeh « 4-Fu 




QlOuM 8 Fu 

C6LCH 

□e Ofc c M ■* «- 

FU 

colch 

«-Fu 



r/^'. J Cytotoxic effects exhibiled by aniimitatic and G, arresting agents in the Bcap37 und KB cell lines. ApproximattOy 2 X 10* Ucnp37 (/I) and 
KB (B D) cells were cwUurcd in 96-w«ll miciwulturc platca. CcUs were iiicubalcd with 10 \iM 5-rU. 100 nM paclitaxel (A und )0OnM vinhlasiinc. 
(O. or 100 nM colchicine (D). Also, incubations were pcifoiTned in which 5-FlJ was added simuluincously with paclitaxel (A and J?K vinbliwlinc (C), 
or colchicine (O). I'urthcmiore, cells were prctreatcd witli 5-FU for 6 h before the addition of paclitaxel {A and d), vinblastine (C*). or colchicine (D) 
for an additional 24, 48, or 72 h. Lastly, cells wcne pwtrcated with pticHtaxcl (A m\d Bh vinblttstinc (O. or colchicine (D) far 6 h before Jhc Addition 
of 5-l-'LI for an ntldltiona] 24, 48, or 72 MTl' assays were performed as described in ''Materials and Methods." tfa/a. SO. 



variety of schedules with HU, another potent G,-S-phttSC arrest- 
ing agent. As was the case with 5-FU in cornliiiiatioii with 
paclilHXol, HU inhibits the capacity of all four unLimiiolic agent.*; 
Ui induce apoptotit; cell deaih (Fig. \B). Flow cytometric anal- 
ysis and cylAispin preparations demonstrate thai both 5-FU and 
HU could arrest the majority of cells in the 0|-S phase of the 
celt cycle, thereby preventing entry into the G^-M phase, unles.s 
the antimilotic agent was administered prior to the G,-S arrest- 
ing agent. Tlicae findings correlate with the ability oftlK.se Gr^ 
arrciiting agents to interfere with the ca|iaciiy of the ainitnirotic 
agents to induce apoptosis (Fig. I ), Hence, it appears that ilw 
mechanism by which 5-FU and HU pcriurbate the cytotoxic 
elTccts of the auiimiiotic agents is merely by preventing the 
majority ol' the tumor cells from accumulating in the G^-M 
phase of the cell cycle. These data correlate with several previ- 
ous studies that Hiiggcst that the greatest cytotoxic e fleets of 
theiie antimitotic agents is. seen when the niajority of cells arc 
arrested in mitosis (14, 15, 43). 

An impoitaJit consideration when combining chemothcra- 
peiitic agents that possess different mechanisms of action is lite 
schedule in which the drugs arc admimstered. An optimal com- 
biniUion nruiy produce a synergistic effect in which the thera- 
poutic eHtcacy is greater than rhc expected additive effect (6, 



44), For exxiniple, a group of investigators recently discovered 
that the administration of paclitaxel prior to cisplatin prodticed 
a synergistic or additive etTeci, wheicas the reverse sequence 
resulted in antagonism (45)» Farthermore, Kano ef ftl. (46) 
reported thai the pretrealment or simulUinctKis addition of 5-FU 
with paclitajtel failed to produce » .synergistic effect. However. 
Kano et tii (46) discovered an additive effect when pciclitaxel 
was added prior to 5-fliioroiiracil. Our rcsulUf from (he cyiatox- 
icity assay that examined the combination of the G,-S arresting 
agents 5*FU and MU with the antimitotic agents demonstrated 
the sequential importance of //j vliro combination drug regimes 
in the Bcap 37 and KB cell tines. These dat<) suggest that 
subadditive effects are generated when 5-FU or HU is added 
prior to or in simullimeous combination with an antimiiotic 
agent In fact, only when 5-FU or HU was added 6 h after 
antimitotic agent ircalment did we see a cytotoxic ctTeci nearly 
equivalent to the ireatmeni of the anLimiuUic agents alone. Thus, 
the data from this study suggest thai ilie treauncni of antimitotic 
agents alone produced tlic greatest overall cytotoxic elVect in the 
Bcap37 and KB celt lines. 

hi light of the fact that the phosphorylation of tlxr bcl-2 
oncoprotein has recently been implicated in O^-M arrest (33) 
and the induction of ^poprosis (34, 35), we perfonned Western 
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/•7g. Western blot unnlysis lor the bcI-2, C-raf-l, Bfitl p2i*'^"'' "'' 
pmleinu. 'l'i)tiil whole-cell protein extract was collcclcd from Rc«p37 
cells trcuiixl for 48 li with either 10 p.M 5-1' U (^) or 2 iiim HU, 100 nM 
IMcIitaxol, 0.2 iJLg/ml noc«Uiw>Ie iNO<-% 100 tiM vinblasline (VIMi\ or 
10(1 nw colchicine {COt.CH; H), alone or in combinulio« with or 
HU. r-<)ual amo\in!» 1\{)Q ^LB/lB^e) ofcejkiJar protein were IractionHtcd 
on ji 12% SDS-polyncrylamitk gel and transferred to niu-ocelliilosc 
mcmbmnes. The nicmbraiict wcix* immunobloUetl widi a monoclonal 
miiibody to p2l'^''" (WAI ) Ab-I: OUbioclicm), bcl-2 (clone #100; 
SfltiiQ Cruz), or c-raf-l (Transducilon UtKMatoricji) vm described in 
"Mtttcriflls and Mclhods." 



bloi analysis to dctemiinc Lhe phosphorylation state of bcI-2 in 
each ireatmeiU rcgirnt:. Mg. 4 clearly indicates the ability of the 
antimitotic agents lo hypei-phosphorylate bc!-2. However the 
simuluincoiis addition of the G|-S aiTesting agents with the 
nniimiioiic agents blocked the hyperphosphoiylation of l>cl-2. 
Coincidcnially, c-raf-l activation through phosphorylation lias 
been demijnsLraled after antimitotic agent treatment and has 
been hnkcd lo bel-2 phofiphoiylation aiid subsequent inducLion 
ofapoptosis (34). Our findings demonstrate the capacity of the 
Gr^ aiYCSting agents to interfere with the c-raf-l phosphoryl- 
iUion iiuHiccd hy the pintimilotic agents (Tig. 4). The treatments 
with Ifie Gi-S arresting agcnU* also interfered with the abilily of 
the Hnlimitotic agents to increase the protein levels of the 
cyclin-dependent kinase inhibitor p2i>^^' »'^"*' (Fig. 4). All of 
these llndings correlate with the interference of the Ci,-S arre«i- 
ing agents with ihc capactly of the antimitotic agents to induce 
»poptotic cell death. 



[n su!nmai7, this study hsis investigated the possible inllu- 
ence of two G,'S anvsting agenb»» 3-l-'U and HU, on the cyUv 
toxic effects of various antimitotic agents on human solid tumor 
cells in vitro. Our results demonstrate that both 5-l'U and HU 
could ioterfcre with the cytotoxic effects of antimitotic agents 
on miunic arrcKl and apoptoyis. Meanwhile, we found that the 
0,-S arresling agents spcciftcally perturbaied the capacity of the 
antimitotic agents to induce bcl-2 phospJioiylation. c-raf-l ac« 
livalion. and mcreuse in p2 1 ^-^^^ protein levttls. These data 
suggest that the 0,-S arresting agents may prevent the majoriiy 
of cells from progressing to the G;,-M phase of the cell cycle, 
where antimitotic agents have been showi> to exert their greatest 
cytotoxic effect (40). In light of these findingti, careful consid- 
eration or experimental evaluation is necessary when combining 
antineoplastic agents that exert their qyioioxic action at different 
phases of the cell cycle. 



REFERENCES 

1. Pcvila, V T. Principles of ehemolherapy. /ri: V. T. l>cvila, S. 
HcMmun. mid S. A. Kosenberg (eds ), Cuiicui : Principles and IVdelice of 
Oncology. Rti 4, pp, 276 292. Phihidclphia. J. H. LippiiicoU Co.. 1993. 

2. Sart<irelli, A. C. Sonic approaches to the thcr»peu(ie expUiiUitiun of 
meiftholic fliu^s of vulnerable neopkiuitic cells. Canecr Res.» 29 101 V 
|0.%2. ]9h9. 

3. Frci. r.., Ilf. Clinical jdudien of eombin Alton clwuiothcrapy lor can- 
cer In: T-C. Chou and D. C. Rideoul (cds.), Synergism and Antagonism 
in Chcawothcnipy, Vol. 1. pp. 103 I OH. San Uicgo; Aciidcmic Prras, 
1991. 

4. Fan. W., Johnson. K. k., und Milter, M. C, III. fn vitro evaluation of 
coinbinaiion chemotherapy atsainHt humun Ujmor cells (Uevlew). OikoI. 
Rep., S: 1035-1042, I99«. 

3, Yarbfo, J. W. The ficieniific bonis of cancer eliemotlierapy. fn: M. C. 
Perry (cd.). The Chemolherupy Source l?ook, Ed- 2» pp. I -IK. Biilli- 
more: Williams tind Wilkins, 1996. 

6. Rideogt. »- C. and Chou. T-C. Synergism, antagonism, and poicn- 
rialion in ehenlolhcoipy: un overview. /«. T-C. Chou and I> C Kidcout 
(eds.), Synergism and Antagonism in Chenwiheoipy. Vol. I, pp .1 60. 
San Diego: Academic Press, 1991, 

7. tlertino, J. R., and Chou. T-C. Chemotherapy: synergism and nnlag- 
onism. fn: J. R- Hcrtino (cd.). KncycIopediH of Cancer, Vol. I, 3A« -37y. 
San Diego: Aeadeiniu Pretts, 1997. 

«. SchiiT. P. B., FdW, J., and Horwitz, S. l»Toinolion of miciTHiibidc 
tuisenibly in vilm by taxol. Nature (Lend.). 22: 665- 667, 1079. 

9. SehilV. P. B., and HorwilZj. S. H. TmxoI Mtubilizex nticrotubulcs in 
mouse fibroblas! celte. Proc. Nail Acad. Sci. USA, 77. 1561 1565, 
1980. 

10. SchifT. P H., and Horwity.. S. ». Ittxol assembles rubulin in the 
absence ol' exogenous guanosine .'S'-iriphosphate or mierotubu}e-u.ssoei- 
HU;d pivleiiis. Biocheniustry, 20: 3247>-3252, 1981. 

i 1 Kuinar, N. Taxol induced polymcri/alion of purified tubulin: mech- 
anism of action. J. Uiol. Chcm., 256: 10435- 1CM41. 1981. 

12. Kowinsky. B K.. Doiujhowcr. R. C. Jones, R. J., und Pucker, R. W. 
Microtubule changes and cytotoxicity in leukemia cell lines ircaloil with 
taxol. Cancer Rc8.. 48: 4093 4100, 1988. 

13. Duslin, P. Miciolubules. Sci. Am., 24S: 60 76. k98[). 

14. Woods. C. M., Zhu, J . McOueney. P. A., Bollag. 15., und Li»:£ai ides. 
F. Tflxnl-indiiccd mitotic block triggers rapid onset ol a p53-indepcnd- 
cnt pathway. Mol. Med.. /. 506 526, 1995 

15. HorwilA. S. li. Mechanism of aclion of Vaxoi. Trends Phamwcol. 
Sci,, /i.- 134 136. 1992. 

16. Kung. A. I... Zetterlicrg. A,. Sherwood, A. W.. and Schinike. K. f. 
Cyloioxic effect* of cell cycle specific ugenis: u resull of cell cycle 
perturbation. Cancer Res.. .^0: 7307 7314, 1990. 



PAGE 38«9 * RCVD AT OT/2004 4:54:30 PM [Eastern Daylight Time] • 8VR:U8PTO0XRF-1/O * DNI8:872fi306 * CSID: * DURATION (mm4S):17^6 



FILE No. 628 05/07 '04 16:13 ID:CC 



FAX: 86028601 15 



PAGE 39 



(::]inicjil Cuncer Ri;»carch 2565 



17. r>onal<I.wn. K. L., Gwlfiby. 0-. Kicner. P, A., and Whal» A. I". 
Activation of pJ4cifc coincicltint with Taxol -induced upoptosi.1. Cell 
Cifowth OilTci., J. 1041-1050, IW. 

18. Rowiiisky. K. K., c:H'zenviie, L. A., und Donehower. K. C. Tmo\: a 
novel it)ve&tigaHon»l fintiifiicrutiibulc u^cnu J. Nail. Intir. Canvcr, 82: 
I247-J259, IWO. 

19. Wicmik» P. H., Schwarlar^ li. L., Svmuinan, J. J.. Dutchcr, J. P.. 
Lipion, R. B,. «nd Pnicttu, M. Phttw 1 clmicaJ and pharmucolunelicjt 
study of Taxol, Cancer Res.. 47: 2486 - 2493, 1987. 

20. |-loIn7CS. r. A., Walter, R. S.. JhciiauU. L.. Forinan, A. JX, 
Newlon, L. Hober. M. N , Buzdar, A. U.. Fryc. D. K., and I foTlo- 
hagyt, O. N. I'huse It Uial uf I'axol, on nctivt* drug in Ihc trcntinciil of 
meliii*tnlit: bnsBSl cancer. J. Natl. C'ancer In«L. 83: 1797-1805, 1991. 

21. Klasson. U.. I larslHi;!;, A., Wilkc, H., und Swbcr, Preclinical nnd 
clinical 8tudy ne^ultH of the cumbiaulion of paclilaxcl and S-lluoruiiruuiiy 
fol'm'w auid in tlw trcatiwm of indasl^iic brcaat amci^r. Seinin. Ot>col, 
23 (I Suppi I): 44 47. 1996. 

22. Paul. D. M.. GairoU, A. M.. M«ihiid. M.. l>cVorc, R. D.. Porter, 
1.. L., and Johnson. D. H. Padibixel And 5'nuon»urac!il in fn«tati(a(ic 
breast cancer: Tlic MS experience. Scmin. Oncol, 23(1 Suppf, J): 
48 52» 1996. 

23. Johnson, O, H., Paul, D., and Htmdt;. K. K. Paclitaxel. 5-fluoruvi- 
racil, and fnlinic acid in meiastalic breast cancer: I.iRI>26, u Phase II 
trial. Semin. Oncol., 24 (i Suppi 3): &3-22-a3-25, 1997. 

24. VokcM, E. li., Slupp, II., Honif, D., Moiwi. W.. Malonc, D., Wcnig. 
B:. Sweeney, P., and Weiclisjclbuum. R. R. Hydruxyiiraa with continu- 
ous infusion paclitaxcl, S-fluoruuntcil. and conoomliatit iiidiotberupy for 
poor-pmgnusis head cmd nt;ck c;inuer. Seniin. OiicoL, 22 (3 Supfii, 6): 
47-52. 1995. 

25. Ajani, J. A.. IImw, D. H.. und Kelacn, D. P. The uutiviiy of 
[laclitaxcl iu guslrointeslinal tumors. Scinin. Oncol.. 22 (5 Suppl. 12): 
46-53, 1995, 

26. Johnson. K. R., WHug, L., Miller. M. C, HI, WilHnghnm, M. C, and 
I'on, W. 5-Fluon>uracil inturfcrwi wilh pucliluxel cytoioxicity aguiusl 
human solid tumor celLs. Clin. Caincer Res.. 3: 1739-1745, 1997. 

27. Cheng, L., Zheng, S., Kughunuthttn. Pries:. D. C, WiJIinghflm. 
M. C, Nuriis, }. S., ond I «n. W. Ch3racteri»ition oF Taxol-indikccd 
upopiostB and allered gene cxprciudon in breast cfuiver cells. Cell. 
Phaj-mocN^l. 2: 249-257, 1995. 

2K. Fan, W., Cheng, I.., Norri?;, .f. S., <ind Willinuham, M, C. Gliicocof- 
ticoidb }ttslcclivcly inhibit Taxol -induced HpupiuMiti in a huinoit breast 
carvxr cell line. Cell. Pbannucol.. 3: 435 440. 1996. 

29. Fan, W., KvCrttl. K. T.. Tang, C. Cooper/I ., Fang, Q., flhalla. K , 
and Norria, J. S. Cilucncoiticoid-mediated inhibition of TaHot^induecil 
apoplcMlM letomyosurciifUtt c'cJIs. Cell. Plwrmacol.. f: 205-212. IfMM. 

30. Nieuletti. I., Migliorati. O., Pdgliacci, M. C, Grignaiii, F,, and 
Riccurtii, C. A rapid and 8implc method for inea.siiring thymocyte 
apopiosis by propidinm iodide slainiiig and flow cylomctry. .1. Immunol. 
N^cthods, I3<^: 271-279, 1991. 

31. Cnnnichrtcl, J., DegrniT, W. Ci., Ciadzar, A. F., Minna, J. D., and 
Mitchell, J, Uvahiotinn of u tetnizolium-based Kvinianloniatcd oolorimet- 



rie ».ssay: as5»c!»nient of chemusonsitivity icsting. Cancer Rc».. 47: 
9.35-942, I9R7. 

32. I^an, W., Schandl, C. A., Cheng, J,.. Norris. J S., and Willlrtgham, 
M. C. Glucocoiticoids inodulale pacliinxel cytotoxicity in human solid 
tumor ceils. Cell. Plmnnacol., .?. 343 34H. 1996, 

33. Schandl, C. A., Friewi, D. G., and Willinghttm. M. C. Pho.sphoiyl- 
ation of bciU2 \h a cell cyclc-rcgulatcd event. CcJJ. Phannaco).. J.- 
367-.372, 1996. 

.14. Haldur, S.. Jena, N., and Crocc, C. M. Inactivaliun uf bcl^l by 
phoaphorylalion. Proc. Natl. Acad. Sci- USA, 92: 4507-451 1. (995. 

35. Hflldar. S.. Chintapalti, J., and Cruce. C. M. Taxol-induced bcl-2 
ph{>/tphorylailcm and death of pmstatc cancer cellit. Cuncer Res.. 56: 
1253 1255, 1996. 

36. Blngosklonny. M., SchuUi?. T,, Nguyen, P , Trti^^el, J., und Ncckers. 
L. M Taxol- induced apoplasis and phosphorylation of lx;]-2 prolcin 
involves c-raM and lepi-eHcnis a novel c-raf<l signal traasUuctton ptitli- 
way. Cancer Resi.. 56. 1851 1X54, 1996. 

37. BlagtMjklonny. M. V.. Giannakukou. P., bl-fJeiry, W. S.. Kinnaton, 
O. O. 1., Iliggs, P. 1., Neclcera, L M.. and Fojo, T. Rar-I/bcl-2 phos- 
phorylation: a alcp from microtubule damage to cell death. Cancer Re.s.. 
57: 130 135. 1997. 

38. Tishler, R. B., Latiw". M., Partt. S , and Prince, B. I> Micm- 
tubule-activc drugs 7'axol, vinblastine, und nocoda/x^lc increase the 
levcKs of trunacriptionally active p53. Ctmccr Res., 55: 602r 6<)25, 
1995. 

39. Blago.'iklonny. M. V.. Schultc. T W.. Nguyen, P.. Mimnaugh. F.. G„ 
Trcpcl. J., and Neckera, L. M. Taxol induclion of p2»^'^*'' und p53 
Inquires c-rut-J. Cancer Res.. .55; 4623- -4626, 1995. 

40. Munfredi. J. i., and Hov^'U'jl, S. H. Paclitaxci. an anitimiiotic agent 
witli a new mechanism of action. Phannac<iL Ther., 25: 83 125, 1984. 

41 . LIm Y., Bhalla. K... Hill. C, and Priest, D. Ci. Kvidenee for involve- 
ment of tyroiiine pho.sphot-ylQtion in taxoMndiicod apoptoai.n in human 
ovarian tumor cell line. Biochcm. Phnrmocol.. 48: 126.5-1272, 1994. 

42. Willingham. M. C, and Uhallu, K. Trasasicnt mitotic phase local- 
i;;ration of bcl'2 oncoprotein in hiunun eaicinoma celh and iia poaaible 
role in prevention of i^mptosls. J. Hislochcm. Cytochom., 42: 441 -450, 
l9tM. 

43. Milua, L., Ihinlcr. N. R., KurdogUi, B., Mason, K. A.. Meyn, R. IL. 
Stephens, L. C, und Polers, L. J. KincticR ol mitotic aiTCsl ond apopuisi.s 
in murine mammary und ovarian tumors ircafed with luxul. Cancer 
Chcnwther. Phunmicoi.. 35: 297 303, 1995. 

44. Kano, Y., AkutAu. M., Tfluuoda, S., Suzuki, K., and Yazawa, Y. tn 
yfitm schedule dependent tnlcnictioit between pactitaxel and ctsplalin in 
htiman canciiwma cell lines. Cell. Chcnu»lhcr. Phaniiacol., 37: 525 530, 
1996. 

45. Kano. Y.. Akutau, M., Tsunodu, S., Ando, J., Maisui, J., Sujruki, K.. 
Ikeda. T., liioiic, Y., and Adachi, K. Schedule-dcpendenl iiucnaciion 
between paciitaxel and 5-niioroiirucil in human earcinomki cell lines U\ 
viif-o. Ur. J. Cancer. 74: 7M-l\l), 1096. 



3W39 * RCVD AT 5/7/2004 4:54:30 PM [Eastern Daylight TImeJ » &VR:U8PTO0XRF-1/O • DNI8:872d306 * C8ID: * DURATION (mm-ss):17-06 



